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ABSTRACT

The need for an obstacle detection system on the Mars rovingi’"

‘vehicle was assumed, and a practical scheme was therefore investigated
-I

ahd éﬁmulated. The'principai sensing devicg on this vehicle was taken -, -
.7g§ be a laser réngekfinder. Both ekis£ing and originél glgorithms,.
:endi?g with thfesholding operations, were uéed to ohtain the outlines:i

of obstacles from the rawy data'of this laser sqan; A the&retical
_enalysis was carried out to show how. proper value of éhrgshold may be
éhdseﬁ. Computer simulations considered various mid-fahge boulders,

| fbr‘which the scheme was guite succeééful.' The extension to other types
fof“obstacleé: such As craters, w&é considered. The spééial pfoblems of
ﬁottom.edgéidetgction and scanning ﬁrocedufe are discﬁséed.' 

cviid



INTRODUCTION

The proﬁoeed Mars Rover which may be landed on the surfece'of'T
Mars in the early 1980's will be required to navigate eutonqmouely £o
' reech?preset deetinations L, 2. The possibility of remoﬁeiy controll.-
ing the vehicle from Earth, as can be done in the case of a vehicle on
“the Moon, is ruled out for the Mars Rover, because the round trip
eommueication time between Earth and Mers'is appraximately.hoiminutes.
Wifh this much time iag it is all but impossible to eontfol ; vehicle
' that is expected to move at a nominal speed of about 1 meter/second.

As far as possible, an optimum feasible path for the Rover
to travel between point of 1and1ng and other p01nts of 1nterest on the
- Martian surface will be predetenm;ned from the aerial maps available so-
‘far. However, many objects, whlch can be potentlal obstacles for the
Rover, may _be small encugh not to show up on the pnctures. Itrls ex-
peeted,that thére will be obstacles in the form of boulders, craters,
slopes, etc., which will be small enough not to be seen. Therefure, it |
is desired that the Rover be equlpped with its owm obstacle detectlon
‘system.

| Much feseafeh has been done and is being done on robots which

'incofﬁorate_some form ef ﬁfﬁnitive "brain" and are thus.able to "see".
Unfortunately,lthese systems are much'too complicated to be inetalled
‘on the Mars Rover, where weight and reliability axre among the para;
“mount conéiderations. Thus, a system is being soﬂght that will be
simple, requiring less bulky sensors and.emaller computer memory space,

This paper discusses one such system.
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1. HARDWARE CHOICE

It'has béen.dgcided that a laser range.findEr will be the
primary sensing devicé on the'Rﬁver."The "time of flight" techni@ue'
will be ﬁsed for the determination of range. This means that at given
time - intérvals.a lasger pulse will be Sent out towards the terrain in
front of the vehicle, and will be reflected back from the surface it

'1mpinges on to a laser detector. The tlme dlfference hetween trans-
mltted and reflected beams will indicate the range.

As far as the laser range finder is concerned, the follow1ng

requirements must be met: 3
| 1) Accurate enough for réliable'processing,3ife;
"i 5 cm fof range error‘and + 10 arc seconds
- for anglé error.
3) _Light weight.

%) Low power: consumptlon

‘The first two of these are applicable to the research diécussed in

this paper. The range error was taken into account by addiﬁg gaussian
noise, with zero mean and 5 cm staﬁdard deviation, té tﬁe geometrically
derived range values used ih the compubter simulation. The angle error
‘was neplected in this Qork, since the specified 10 arc seconds is about
. two orders of magnitude smaller ﬁhan the smallest angles used. With
‘régard to'fast scan capsbilities, it is expected that the time required
per range readings will not exceed 1 millisecond.” Thus in .S'Secqnds,‘

or in the space of .5 meters traveled by the Rover', about 500 range -

.2) Fast scan capabilities. R - J‘ - l.\'



3.

feadinés ﬁén be bbtained. This is the appgéximate numﬁer of reaaingS"ﬂ
used in-the simulﬁtion,_where, howevér,‘iﬁ has been aséqmed thaﬁ ali
:réadings.havé been oﬁtained with the vehicle stationary. Thié.assumﬁr
tion will have to be re-examined in futﬁre extensions of fhé edge de-
‘-téction schémet - | ‘
- One final fiece of hardware information is that the laser

scan is assumed fo be mounted on a vertical mast-attacheé t& the front
of the vehicle,rét a height of 3.meters from grpund level.. This ngmber |
may be easily changed in fhé #imulation progfam, a5 physical require- |
ments dictate. It is felt that thé success of the edge detection ééhemg:
is relaﬁively insensitive to chahges in the mast_height,'and hQ pfdElems

should arise as a result of it.



2. PROBLEM DEFINITION
-'2.1 Objectives of Simulation vs. Iﬁplémentation: _
| Throﬁghout this ﬁaper, the diséinctions between simulation -
obaectlves and implementat ion objectlves should always be kept in mind.
j;'I'he steps involved in s:.mulatlon are as follows | |

(a) A realistic terrain model, including the obstacle
~or obstacles to be detected, must be env151oned and
mathematically modelled.

{b) The range values must be generated, based on the

geometry of the model (see Section 2.2).

(c)r Thresholds to be used in the edge detection
'algorlthms are calculated

(d) Expected values of noise in the laser measureﬁeﬂt

process must be added to the range values.

" (e) Algorithms are Lthen used to operate on the noisy
range measurements to obtain an oubline of the

‘ 6bstacles, based on the pre-selected thresholds.

The end result of this process is an evalqation;of the qga;ity of
'. reproduction of the edge of the obstacle, for diffefing combinatipns
of'thréshold choice, alpgorithm choice, and scan angle cﬁoiées. |
In the implementation, the pr?cedure,for the on—boafd computer
(a) Obtain the noisy range values from the laser scan,

where the scan angles have been debermined from-

the simulation résults

(b),'Operate on these values, u51ng pre-stored algérlthms
and thresholds (or procedures for flndlng thresholds)
selected as optimum from simul.ation results, to de-
termine the size and location of dny-oﬁstacles.
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;Thé:end résult of this process is a pﬁth selpction deciéi&n

| The.reSearch presented in fhié paper, while interesting in
itself, was primarily directed towards realization of the final s&stem.. 
In‘this respect; empﬁasis has beeﬂ plaéed on obtaining fesults in tﬁe
areas common to. the 51mulat10n and umplementatlon, i.e., threshold and
algorithm eyaluatlon. The prellmlnary'work should therefore be seen

as just that - steps leading up to this goal.

272 Geometrical Cansideratiqns

Figuréll illustraﬁes a simplified piéture of the Mars‘Rover,
with a‘pésitive obstacle (one that projects'above the ground'lével,
such as a boﬁlder) directly in its path:of travel.' fhe Martian. surface |
is ﬁakén to be perfectly flat here and in all siﬁulations.  One.reason
fof this choice is to simplify calculations and to 1imit the nuﬁbér of
‘ihdependent variables in this preliminary development. In addition,
research i; cu§rentiy beingfcarried on in the development of a terrain

5,6

modeling proéedure, where sloped terrains éré beiné-considered,
so it was not felt neceséary to duplicate this effort until the edge
detection scheme becomes more refined.
| As shown, (the elevation angle) is defined to be the angle
;betweEn_the laser beam and the normal to the laser mast, 8 (the_a21muth
angle) is defined to be the angle between the lasef beam and the line
;epresenting the'Rover's direction of travel, and b is defined to be the |
horizontal disténce from the laser mast to the center of the_cbstacle‘

(when such a center point exists).

| The obstacle con51dered for most of this’ work was & hemi-



BeAMS
(b) Top View
FIGURE 1

Scenario of Problem Studies _ L



Spherical boulder of radius r, whose center was Iocated on the groﬁnd,

directly in the vehicle's path of trével, at a horizontal distance of
b heters from the'lasef mast. In order to generakte the range values,
~as functions of b, r, B, and ®, & more detailed geometry was defined.

. Referring to figure 2, the origin of the x, y', z axes is located on

the ground directly below the laser, which is the point (0,0,3) there-

fore. The origin of the x, y, z axis is located at the center of the

boulder, so that (0,0,0) in the x, y, z frame is the same as {0,,0) in

the x, y', 2z frame. ‘The beam from the laser to the point of impinge-

" ment on-the boulder if Rl , and the radius from the center of the

'boﬁ_lder to the point of impingement is r. The other varisbles are in-

troduced merely for convenience in the caleulations.
Assuming the laser beam has hit the boulder, the following

equations ensble us to calculate the range Rl:

2

o

x -

R, &in ©

R

1

2

sin-p

3

sin p Rl‘

Substituting (3) imto (2)

zl= 3_5 R

1 sin B
nyE = R2 cos p
R = e -
xye tan B xyl
2 2
nyl.- J1y+b) + X

L

(1)
{2} .
(3)

(1)
(5)

(6)

(1)
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Substltutlng (3), (6), and (7) into (5)

s coss'_' e
1Man;pulat1ng (8) we find that | |

y=R (cos B - sin 9) - EbR'\/cgseﬁ - sin‘o + b2 | - (9)
The equatlon of’ a-sphere is: | EE |

“32 +.§? + 22 ;_re B 1 _ . , | .(10)

Squafing (l), (2), and (9), substituting into (10) and simplifying,

RZ 4 Ry t-?b C0526'_ sin‘g - GSiné) + (b2 +9 - r2) =0 (11)
'-Tﬂis ié a quadrétic equation in Rl, and one‘qf its solutions (the smaller
one of_courSe? since the larger solutioﬁ iﬁdicates tﬁat the laser beam
has passed through_the sphere and contacfed the surface on the other
'si&e) is the rénge value we are seeking. Notice that welhéve the de~
Asired functional dependence on b, r, ﬁ,.and a.
| The 6£hér possibility is that the laéer beam‘hits the terrain

surrounding the boulder. In this case the range is actually independent

of 6 (and, of course, b) and is simply expressed as,

_ 3 - o
Ry = osin ‘ _ ‘ : (12)

At this stage, by specifying b and r, and by sweeping 8 and 8 through
limits to include the entire boulder, we can generate a matrix of range

'rvélues.' Thése values are the input to the edge detection algorithms.
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3. EDGE DETECTION SYSTEM

:3;1 The Scan

The range data,zi)5 (compoged'of the geométficaily dérived
values given by equatlons (ll) and (12), plus the additive Gau581an |
n01se term) whlch is obtained by varylng the angles f and 8, can be
stored 1n‘compuber memory in a matrix form w1th.the elements_prdere@
according fo the values of B and ©. The.value-of 2] 6hanées'aiong eaéh.

| rpw'wéth the index j, while the value of B changes along eéchrcolumn
with the index i. "This matrix 7, called the mc;surement matrix, forms
a range'imagé.of the scene ahead. TIn contraét to a photographic hnagé,.
‘where the elements of.therimage are functioné of the brightness of the

scene, the range 1mage con51st of distances of the points on the scene

Trom the p01nt of mcasuzement The measurement matrix is thus represent-

ed as: _
— _ o o -
.,_ . le‘ ZlE | .. . ' R : Zlﬁ )
| o 31, | |
AN D = N RV G
2441, 3 o
“nl e L . . %

Once again, the values in this matrix will all be dlxectly measured by
the laser range finder and stored in- the on-board computer in the

 actual operating system,

3.2 The Sharp Changes in Range Readings

Wheneverladjacent elements of the measurement matrix are all
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_ takén from fhe'smne‘terrain feature, e.g. several neighboring points on
a flat térrain or sevefallneighboring poihfs on the side of a relativély'u -
.COntinuous‘bﬁstaéle, then the range readings of these points will vary -
qnly slightly from éach other, especially whén the differences in
' éievation_and azimuth angles measured from the laser to the points is
'lsmall. And in the case of two or more points on a flat terrain with the.
same elevation angle, the range readings will be exactly the same (dis-
counting noise), as shown by equation (lé){' However, adjacent elements
whiﬁh straddle theledge of an'obséacle (one measuring the rangerclose.
to thelobstacle's.edge, and the other measuring the range to fhe-terrain,'
,With,this:latter beam.passihg jusﬁ outside the cbstacle's edge) often
-exhibit'sharp“changes in range, which can be ﬁsed ﬁo indicate the preseﬁoe
of the‘edge; This physical propert& is the basis of the edge detection |
scheme, | | | |
A-means is required to bring out or enhance these sharp changeé

in range readihés, in order to recognize the edges. Therefore, algorithﬁs
were sought which in#dl;;d falrly simple mahipulations‘of the’range valﬁes
(to minimize coﬁputgtion time required by uhe‘smail, on-board compﬁter,
so-that ﬁath selection'decisions can be made as soon dfter determination
- of fhe range image és possible),revaluatgd a ﬁes£ point in relationsﬁip
to its four sufrounding'"neighbors" in the range image (so that an.edge‘
in an& orieﬁtaﬁibn nesr the test point would be detected), and ended with
a-thrésholding operation (to provide the necessarﬁ numerical cutoff in-
dngtién between the. presence and absencé of an edge). The success of

the algorithms depends on the gquality of the enhanced edge, once the
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"optimum thresholds have been selected, and on the relative ease with'

which the proper thresholds can be selected.

3;3 Algbrithms Used—v .

:BaSed on_the.precéding critérié;‘the following tWo‘algorithHs
" were selected.for ﬁse in the simulations. .Their merits and drawbacks
will be discussed énd illustrated. . |

7

(a) Normalized Laplécian

A new matrix @ can be obtained by the following operatibn
on the range values:
AR S R PR - SEee: It S
6 TN I L O i PO e WP L i W

st 2 oaw

N A gz, L Lz,
#1-1,37%500, 3 i,j-1 zl:J+1

{b) Four Directional Ratio
A new matrix S'islobtained by oPératingvon the range

~ values as below:

: z n. gz n z n z - n *
, AT T O 41, j U I R B ¥ D
s g 3 by () (L (Litd (15)

i, i3 . i,J i,

The Nommalized Laplacian is from the existing Iiterature, while

 the Four Directional Ratio was developed specifically for this application.

3.4 Ahalysis of the Algorithms 8

| The purpose of this section is to develop a procedure for
‘choosing the propef values of threshold for each dlgorithm,'givén the
type of-irreguléritﬁ to be detected, and to'analyéelthé effects of noise
on the méasuréﬁent data for a determination of-haw large the statistics

of noise ean be allowed without leading to false alarms. In order to
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lfeach these two'objectives, each contribution to the range measurements
- will be derived separately.
Let

2, =T, LtV . S N (16)
1,4 1yd L4 : ‘ : ,
where ry j is the true range measurement, vy 5 is the additive noise
3 i 3 . .

term, and Zy s is the resulting range value as measured by the laser

s d
rangefinder.
Also let
r. . o=(14a, . Or. . (1
4-1,3 (2 1~1;J) 1;J (1)
where ai'l i indicates the fractional change in true range at point
- . Ay . .

(i-1,3) with respect to point (i,j). Similar expressions are defined

for points (i+1,3), (i,3j-1), and (i,3+1), with corresponding «

. i+l,§ °
ai,g—l’.and 5,51
From equations (16) and (17) one can write
-y .=‘l+.a.‘" dr. .+ v . B 18
i-1, m,( _ l"l:J) 1,3 - 1i-1,3 _( ,)
_It follows that the measuregents Zi+1,j’ Zi,j-l’ and zi’j+l.can a}so,

‘be expressed in tems of r; . and the associated noise terms.
? .

For the Normslized Laplacian algorithm, using equations (14)

" and {18),
: by 4 by, |
' q =1 - [. 14 Y,
g (X, O, B0 U A ¢ SN P T Y, .+ . .. ‘
d Ch Ful'l: J al'Fl-: J i, g1 al) J*‘l)rlf J (Vl"l: J V:'_-""l: Jd Vi: J'l+vl) J+l)

Dividing ﬁﬁmerator,and denominator of the fraction by hri j:



L
1 + ( l) ])
. l:J
q, .=1- v, . . V. . .
29, 1+%(cci_l - j+1)+ %( _:::-l,d+ i*l’J ;’3 -1, J+l)
& & ’Jr ! iJ(j‘ 1,J i, 1;3
(19)

In order.?o inveééigate the th;eshold requirements of qi,j’ let us assume

there is no hoise,_i.e., vi,j = 0 for all i and j. Thgn, from equation
(19), | . | |

B O — 1 _ . (20)

_ +Q o ,
1+ g (o 5 5 341, § al,d—l i,J+l)

The‘fractlon term above can be expanded in a geometrlc series, w1th the
highery order terms being dropped since the alpha values are all very
4small;‘ This results in |
ey L [l_“ T (%5 Y Y,y %,5-1 7 ai,j+1ﬂ
l, . | | .
= % (ai_l)j + ai_+l;j + ai,.j-l + oci, 541
In this form, equation (él).can be used.tc select edge detection thres-
hold values .for the Normalized Laplacian lgorithm, given the typé.of'
.discontinuity to 5e enhanced, Demonstration of its usage will‘be given
in an example al the end of this section. |
Returnlng to eguation (19), the effects of noisze éan be stu51ed
‘by setting a1l « & 0, so that the laser scans five p01nto ‘nearly
eqﬂidistant from itself (the inside surface of a sphere, with the laser

at the center, may be imagined). Then,

) - - {21)
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v,
. 1'+(.;_1.z.s1) S .
'Qij =1 2l ' (22)

v, . v, . v, . V. .
1+ ':ILI ( ;“l:J + i+l, ] + i, j-1 + lJJ"l)

P r, . r. . Tr.
i, i,3 i3 S P9

Expanding the fractional term in a geohetric series as before

- o, ' v .V .V v, . :

ot e L3y 1.2 Qi Yiens, Yaga 1,a+1] ‘
Y, - T, J) [l In ( vt Y r. . ) (23)
' 1,4 1,d 14 1y 14

- Multiplying this out, and dropping higher order powers of the noise terms

(which are small),

' v, .- v, ] v, o . v, . v, .
.qi jig'_ ;&Ll + I ( i_l,J + i+l,3 + i;J—l + i,dfl) (2l)
s s id - 1,3 - _ i3 i,d i3 '

A single quantity which is a useful measure of the effects of all fiﬁe
noise temms is the variance of qi 3 which is. defined by
R 1 d. : . . ’
mﬂﬁ.):E@J.-mF - o (25)
- 14 : 1,d . ‘ _ '

.t = the mean value of g/, .
3 d ] . 1y d

‘where m = .E {qi
Assuming that the noise v associated with epch measurement is independent
(so that the variance of the sum equals the sum of the variances), zeroc

‘mean (so that cach m = 0), and has the same standard deviation O , the

variance-of'qi i is:y -
. 3
2 2 2 |
' oy - 5 0 ' -y
var(e] )= L—wn () o 20 - (26)
: +rd r. . - 1lbrT, | hr®, . :
Iyd i,J ‘ 1,3

Equatidn-(QG) can be used to determine how lafge a standard deviation
may be tolerated without adverse effect on the reliability of the edge

~detection algorithm. Refer to the example at the end of this section.
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The same type of analysis can be performed for the Four
 _Directional Ratioc algorithm. Utilizing equation (18), end exemining

the first_term of equation (15),

n .
I AN 1+, r, . +tv., o .- :
( 1«1,3) - ( i-1, ) i, i-1,3 : : . (27)
A . v, o,
1, A _ 1: Jd. N |

Dividing numerator and denominator by LAY
. . b

1+0q . .+ T :
i-1,] (v i- 1:3 i, - (28)

oz, n
o 1—113)
.“”;:5‘ |

For the case of no noise, i.e., all v, 3= 0, equation (28) vecomes,
B N S T (29)

And neglecting the higher order terms of the polynomial expahsion, since
o is small,

: - .
201,57 &= 1o+ n o S L (30)
(f;f—"—) i-1,J : -
N 1;3 _ : :

If the same méﬁipulations are performed on the other terms of equation

(15), then'an'expreSSion for the entire algorithm in the absence of noise

is approximately,

' + + o
@ 1,5 " %a,5 T % T %) (31)

ThlS equatlon is analagous to equatlon (21).

Returnlng to equatlon (28), ir only noise is belng con31dered

‘so that all a o2 0, then
‘ : N n
n¥* L+ v, ) '
(. 1~1,3) _ i-1, ] :J _ (32)
%1,3 (1 + vy /r : :




‘AT,

The mmerator of this expression can be written as a polynomial ex-
- pansion, "and the denaminator as a geometric power series. Neglecting

higher order. temms, we are left with,

23 9,30 | - | N
—d ~ (1L +nv, r, ML -nwv, .Jr. .
( ) ( M / 1:3)( : vl:J/rl:J)

%535 i-1,J ',
v, . v, . v, .V, L. .
= (e nithd g Ld 2 1] iy (53
1L, i i, i,3

Extending this result to all temms of equation (15),

: v, SV, v . v, . DoV,
g 7! =1 + Tl( i-1,3 + i+d, Y Jd-1 + 1)[}"'1) n - LsJ
i, W7 T, T, . r, . ' r., .
: 1, 1,4 isd 1; 0 ' 1sJ

2 v, L v, L. Vel . v, V. o '
. h (rl;J)( ;“1:3 oot 4,3-1 _}Lﬂll) ©(3h).
rooa . PR . Y . .

' 1y d 1,4 L, =~ "Ly 1.4

And dropping the products‘of noise terms,

: . v v v 'v v o
# n o,od-1, itl, i,3-1 i, 541, i,
= + - + + - :
S5, -2t % (== r, . r, . eom B -y - (35)
: 1,d Lyl 1, ,d 1,d

Under thg assunption of independent, zero mesn noise with standard

deviation ¢ , an expression for the variance of si i follows as.Dpe-
. } : : 3

fore, o 5 '2 > 5
var(s% o= h(—E—ég;;) + n° ;T = 5n2(T (36)
tad 1617, r R

i, J _ i,d i, J
This equationlis analagous to equation (26).
The foregoing analysis gives the means of choosing the proper
thresholds, given the values of . For example, if two of the ouﬁer
points (i-1,j) and (i, j-1) lie outside the obstacle and the other three

points, including the central point (i,j), lie on the obstacle, then one



18.

L >0 and o

lmay as;u@e that Oﬁ—l,j’ o&,j 141, 57 Oﬁ,j+l o~ O,
To generate some typical numerical results, let
%y,5 =%,y =00 (37)

A Then'for the Normalized Laplacian algorithm, f:ém equation {21),

0 . = % (0.04 + O + 0.04 + 0) = 0.02 . (38)

‘Thus, the threshold may be set just below 0.02 if the point in consideration.

is to he récbgnized‘as lying just inside the edge of the obstacle, i.e.

Tys 5 0-019 - o (39)

Similarly, if three of the outer points, including the central point (i, J)

lie outside the obstacle, and the other two points (ifl,j)'and (i;+1)

" lie -on the obstacle, then we might Lake,

~ | - T o
O gy g & 0 _ , N (ko).

N -0.0! ' : . - _
ai%l,j ~ ai,j+l oz -0,0h o (41)

Equation (21)-ﬁéw becames,
. _

qijj = % (0 + {-0.0l) + 0+ (-0.04}) ) = -0.02 | | (k)

" so that the threshold'may be set near this number if the point in con-

-si&eration is to be recognized as lying just oulside the edge of the

obstacle, i.e:,
.,.._,_.. . . ‘ ] ’4
Tio & ~0-019 . (43)

In the case of the Four Directional Ratio algoritim, using the same

-alpha valﬁes, we have from equabion (31),
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s, . =1+ 3 (0.04+ 0 +0.04+0) =21+ n(0.02) (1)
i, P , | o
for an Inside edge

e =1+ 3 (0 +(-0.04) + 0 + (-0.04) =1 - n(0.02) - (45)

i,d i . . . AR

for an oulside edge
Notice that by incfeasing n-ﬁe can‘aﬁpliiy fhe apparent threshold values{
énd that for n=1 fhe thresholds are the same (within.a constant)vas
‘those for the ﬁonnalized;Laplacian'algorithm, i.e.
- % i % . )

s . =q. .+1 forne=l e T
1,1 'qlxa ' o ( )

Computefrsimulations ﬁere run using n:= 1 and n =-2, thé first casé béing
used as a check for agreement to the Normalizéd Lapl&ﬁiaﬂ algorithm_re—
swlts and the second case investigating the possible improvements in.
perfoxmance ébtainable by increasing n.

. The two sets of thrgshold§ are therefore,

for n = 1 T, ™ 1.019 for an inside edge (b))
T .981 for an outside edge C o (48)

forn = 2 T, == 1.038 for an inside edge . (k9)
' Teo ~' 962 for an outside edge - (50)

The true values of alpha may be pracficably obtained frum a physical
.quel of obstacles and terrains that may presumably be enéountered on
Mars. By exaﬁining different types of configurations in simulations,

. we may predetermine the specific values of eipha to use for threshold-
‘ing in each case. |

The variances given in equations (26) and (36) afford us an



. indication of how large a measﬁranqpt_noise may be accommodated by the
algorithms. Supﬁose it is desixed-that the threshold lies outside the
10 limit of the variations in the alpgorithms. For the Normalized

Laplacian algoritim, from equations {26) and (39),

2 .
29 <£o0.009
he, T .
1);] ] o ] »
or - o < (2)(0-019) r
_ — ‘{5' 1]
0 < 0.017 rijj' = L . : (51)

With this value of O we wili ha&e-approximately 70% cértaiﬁty regarding'
the accuracy of the detections. Obfiously at longer ranges, higher
ﬁeasurcmént ﬁoige may be allowed. - o |

- For the Four Directional Ratio algorithm, keeping in mind thit
we ﬁfe compéring"the staﬁistics,of_noiselto the variations in thréshold;

we have froﬁiequations (36) and (&%),

< n(0.019)

o o < $21(0.019)

b R
= {5‘ . i,d
£0.017 v, . - o (2
0% 0.007 7y o R
- This is the same bound on  that was found for the Normalized Laplaciain-

algorittm. Since both the threshold values and the noise effects are

increaging linearly with n according to this analysis, there is no



- apparent merit to be derived from changing n in this algoritim, i.e.,
no improvement in the quality of the enhanced edge. - This conclusion

will be checked in the ¢amputer simulations which follow.

}

21,

o wa -
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Ik, - COMPUTER SIMULATION PROGRAM

‘Now that a mathematlcal model of the edge detection problem

has been establlshed and analytlcal procedures proposed for implement-

ing the scheme, a computer program is necded to carry out. the simulation.

Such a program was developed. for this purpose; 5 flowchart of' the steps

involved appears in Figure 3.

Several features of the progiam should be noted:

."1-)

In generating range valués which lay on the ﬁoulder,.
it was necessary to use the double precision optioﬁ'
on the IBM 360-50 computer. The reason for this is
seen by examining equation (11) closely. The trio-
nometric functions of B and © in this expression are

calculated by means of a Taylor series in the computer.

v Since the angles involved are so small, and the

differencesbetween the éngles are at least an order
of magnitude smaller still (approaching 0.1%a 0,002
radians), it is desireable to lave the greatest

possmble accuracy in determining the sines and cosines.

'It was found experimentally that single precision

sometimes lcd to significent errors in these range
values, which is unacceptable since the errors in the
geametric range data should be at least an order of
magnitudé smaller than the standard deviation df the

Gaussian noise added to the. data in order for the noise

N té_be physically meaningful. Thus, double precision

was needed to achieve range values accurate to within
+ .005 m at least. Longer CPu times were required for
double precision in the simidation; however, on the

actual Mars Rover the range readings will be meaéured

- rather than caleulated, so.that the additional computer

time for this step will not be a facter in the on-

board compuler.
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.

2) Two of the variables in this prograom are the number
of different elevation angles and the mumber of
different aximuth éngles to be scamned. The praduct
of these two values equals the tobal mumber of points
contained in the measurement malrix, which, along with
-the angle limits, is a measure of the "resolution" of
the rahge image. As discussed ﬁreviously, it has been
7 assuned that each range measurement by the Rover will
- take approximately 1 msec to complete. In the simul-
ations which féllow there are a total of 525 points-
in the range image (25 separale elevation'angles and.
Ql”séparate azimuth angles). Therefore, under nominal
" conditions, the Rover would require approximately 1/2 ‘
~second to record all thése range values, in which time
it would travel approximately 1/2 meter. The effect
. of this motion on the algoritlms has been neglected,
which at first may seem to be rather a severe asssumption.
\On the oﬁher hand, when dperating on the ranpge values
for the purpose of edge‘detection, onty five neighbor-
ing points in the measurement matrix are compared at
-gny one time. If the laser beam scans the terrain
‘ahead in a W-shaped pattern, then these five measure-
ments will be taken within a few milliseconds of each
other. 1In this lighlt, it was deemed acceptable to
neglect the vehicle's motion; it will be left to fubure
research efforts to investipate ils effect.
3) ‘The limits on the angles also warrant some discussion.
For the most part these limits were chosen with the
a priori knowledge of‘the size and location_of the
obstacle, so as to maximize the information received
for edge detection. This is & very contrived situation;
and illustraled part of Lhe complex problem of scann-
ing scheme determination, which will be examined in

Section 6.



Thresholds used in each algoritim were chosen off-line,

~once the alpha matrices for the simulated terrain were

calewlated and printed out by the computer. This is

considered to be a valid procedure, since it is not

now expected that the Rover will be capable of adapt-

ively choosing thresholds for edge detection, but
rather will use pre-stored values {based on simulations

much like this one) as a basis for its decisions.



5. SIMULATION RESULTS POR BOULDERS |
5.1 ﬂmBmﬂ@rat3dM%am.

The inilial computer siﬁulations were conducted for the case
lof a 1.0 meter radius hemispherical boulder lgcated 30 melers in'fronf
éf the_Rover. These numbers were selected so as io*providé a true
Tobstacle that had to be detected and avoided (ulnce physical limitations
on the veh1cle prohlblt 1t from navigating over a dlSCOHLlHULty of more
than gbout .5 meters under normal conditions) and to Place this obstacle
at a,typical.mid-rénge location ai which edge detecfion by means 6f
. range datq manipulation becomes most important for path selection
‘décisions.

Figure h.iilusfrates the resulting computéngenerated-range‘
images. ' The upper malrix represents the geametrically derived, un-
distorted ﬁeasurements, and the lower matrix represents these same:
rvalues whEnrcontaminated ﬁy zero‘meéﬁ, 5 cn étandard deviation,
Gaﬁssian néise " Thus, the lower matrix 51mulates the range valueé that
will be obtained by‘mcans'of the laser rangeflndcr on the Rover, In
both cases the outline of the boulder has been drawn_ln its approximate
‘ locaﬁidn,_to clarify for tﬁe reader how the scanning procedure will
operate, Thg exact angles used, ahd their orientétion on the rangg
image, can be dctemined from the data listed at the top-of the page.

As outlined in Section 3.4, four « porameters can be defined
- for each e}ément of the undistorted range image, and so four ¢ matrices
can be fouﬁd‘to deSCribé fhe entire range imagé. Fipures 5 and 6 de-
pict these.four matrices,.whidh are uéed in theroff—liﬁe detennination

of threshold volues by the‘procedures discussed. CAs an exanple of the
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‘ approximate thfesholds-to be é#pected in case§ like‘fhis oné, and to
:show agreement with the analysis given, a threshold of 1.02 was used iﬁi ~
the Four Diféctional Ratio algdrithm-(witﬁ n = 1) to pick out the points
. ..clos'e to the inside edge of the boulder, and a value of .96 was used to.
.pick:out_the poiﬁts close to the outside edge. |
Applying the two aigorithmsr(the‘Four-Directional Ratio with
. : . St
n = 2 and the Nommalized Laplacian) to each of the measurements con-
taihéd in the noisy ;angé ﬂnagé (excépt for the extre@e top andlbottom
 rows, aﬁd ieft and_right_c01umﬁs,.since none of these measurements h@é:
'all four of the associated neighboring points defined in the aigorithns}
jields the two edge détection matrices picturéd in Eigure ?."It‘shouid
be noted that_ﬁhe fange measurement noise being shnulatedrﬁés virtually
_noléffect on the elements of these matricesg since from equation (51),
f‘(:):(‘_:r'ihj o~ 36, we:have that' ‘(r aliowable Sﬁ_.QlT ri,j o ;51; wﬁere«
as the standard deviation of noise used is only .05. .This'indicates
that, with the)éécufacy of—the laser rﬁngefinderlas assuméd,‘the cedge
detection écheme is qﬁiﬁérinsensitive to noise, ﬁhich is‘arféry‘en;
éouraging conulusion for this aspect of performance,
Finally, in Figure 8, Qe see the outlines §f the boulder.
-after the thresholding operation has been applied to the previous -
matrices. The oubcome obtained by méans of the Four Directional Ratio
algofithm with n = 1 has been suppressed in this and all subsequent
;figures to avoid reduﬁdancy, since the‘results aré nearly.identical
Ato those of the Normalized Léplgciah algérithm, ag explaineﬁ inJ

Section 3.4 and proven experimentally. In these pictures an "x" re-
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présents a detected inside edge point Kone that lies close to the edge

" o1n
*

and is on the obstacle) and ﬁ represents a detected outside edée
‘point (one that lies close to the edge, és seen from the laser, and is °
on the terrain), The true edge, therefore, lies between the sets of
_these two "near edge" points. As is eﬁidenf, by proper choice of thres-
holds boﬁh algorithms yield pictures,which are quite good representations
| of the boulder's edge. It was expecfed that'the.Four‘Directional Ratio
.algo£ithm with n » 1 would notrrésult in a more complete edge than the '
Nofmalized Laplacian algorithm, based on the argument‘aﬁ the end of |
:Section 3.4, and a trend of this type waé noted in the gimulations;
Mofé conclusive evidehce could have_been obtaiﬁed if n was inéréased'
beyond the walue of 2, but no such tests were run. ‘This point must -
ultimafely'be'investigated and resdlved beforé a finai algoritmn choicg
¢can be ﬁmplgmented. “ -
| bue to the nature of the algpritﬁms, the fact that the bottom
edge of the bé&ider is not detected is a characteristic outcomé and
- should be.expected. In cther ﬁords, since-the edge detectionfscheme
is based on the search of neighboring range elements for sharp changes
in their values in order to locate an edge, there will be no such in-
_ dication if the adjacent measurement s are‘approxﬂnateiy the same (as
they arerfor points on the same terrain fealure and alsc for points
near the bottom edge). A different type of algoritlm is therefore
needed for this special case. Further discussion on this subject can

be.found in Section 5.3.
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5.2 Otﬂer Mid-Range Boulders
Since the laser rangeflnder will ﬁe requlred to provide in-

' fonnatlon about the ‘terrain in the entire mld -range flEld (approxlmately
3 to 30 meters in front of the Rover), the edge detectlon scheme was |
Atested for boulders located at dlstances other than 30 meters, It'was
decided that boulders located at 10 m, 261n, and 40 m, din addition to.

the one located at 30 m, would be suitable for determlnatlon of the

capabllltlea of the edge detection algorlthms | ’ | |
The range images and houlder outlines of these three addltlon;

_al cases appear in Figures 9 through b, By'proper choice of scanning
angle limits and threshold values, all outcomes are equally satlsfactory

(except for‘the continued lack of bottom edges). Thergfore,.thls type '
of edge detection scheme is Qonsidered a viable procedufe for recognitién

of mid-nange positive obstacles.

5. 3 The Bottom Edge
As 1t has been p01nted out, all the houlder edge outlines

'éegn thus fal have been without a bottom edge, due to the nature of
the eﬁhancement«algorithms. In'order to detenﬁine the size of an
obstacle, and so how much of a potentlmllhlndranee to the progress of
‘-the Rover thax 1t represents, it is con51de1ed,1mportant to develop an
alternate scheme to detect this bottom edge based on the laser' s range
" measurements.

- The first attempt at a solution to thiélproblem was Tounded
_on'the observation (which can be easily proven geometrically) that

‘range values measured Lo the bottom edpe itsélf form a set of local
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FIGURE 1h

outlines of the Boulder at 40 m
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by,

" .maxima cdmpgred te the ranges slightly above_aﬂ@ slightly:below them in
the fange'imagé. qu'ﬁhe case of the 1 méter radius,_hemispherical
boulder, located 30 meters Trom the Rover,.Figures 15 and 16 detail the
"befere" and "after" outlines of the boulder. Note that the'scaling
of‘the compuler printout has been changed from that of-Figure 8, t6
show the oubcomes more clearly, Althougq only a few boltom edge poin@s

(seen as "-"

) are available in Fiéufe 16, these are really all that are
necessary to provide an indication of the'complete Bottom edge for the.
purpose of size detemination, This scheme would seem to perfom
setisfactorily; however, it was the ﬁoiﬁelessrrange ﬁalues whiéh were
béing”compareé in ordéf to find the'boito@ edge in this case.IIWhen the
more realistic noisy fange values are used in the compariéon,lthé resuli
is as in Figure 17; the picture in this casc is obviously unacceptable,

" The explanation for the degradation in performance is that the range values

" measured to the boliom edge are no more than .0L meters larger than their

adjacent elememﬁs in the range-ﬁnage; so that the standard deviation of
noise of .05 meters completely obscures thié diffgrenée;_

In seeking a more noise-resistant scheme, the following ﬁro- -
cedure was developéd. By examining each range value lying along the
center of the measurement matrix (which corresponds to -an aximuth -

~angle of zero, directly in the Rover's direction 6f‘travelj and com-
paring theﬁ to thelrange readings that.would be takne if the boulder

'wefe not pre#ent, the bottom edgg point forlthe cenber column of the
raﬁge iﬁage can be detected if a given element is not "elose" to the.
range without £he boulder {given by equation.(lE),'ri’j =‘3/sinﬁ) and

the element just below this one is "close" Lo the range without the
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FIGURE 15

Expanded Scale - The Boulder at 30 m
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boul@er. By "close" we are considering the effects of noise, so that
the rgﬁge'withoutthg boulder will be taken.as.anything betwgen-the
 limits of-(3/sinﬁ) + j T, . ‘Once this bottonm edée point is Tound, . we
may use a iinear interpolation 4o fill in the edge betwéen this.point
;éhd fhe two points on either side of the bowlder determined by the

original edge detection scheme to be closest to the bottom,. -

" RWB (BETA,_' THETA ), does ‘not fall within t;he limits of ( 3/sin¢3_) * 3or‘v,' '
'und'er the headings or RWOB (BETA)-~.15 and RWOB (BETA) + ‘.15, but that for
~i.=t21'the range measurement does fall within thege limité. Therefore,_ , E§
.the bottqmledge.point‘is iocated in the center of the range image at
1= 2, The lowést points on the boulder that ¢an be seen by means off
- the edge detection algorithms aré-inde%éd (17,5) and (17,17); So by :: ' . et

-joining these three points with two vertical lines (for the siges of the

boulder) ang onerhcrizontal.line (for the botton of the boulder), we

obtain ﬁhe.picturé,of Figﬁre 18, While the results for thisg scenafid are

'excellent; a serious'practical problém can be envisioned, Ip the terrain

.ih front of tﬁe boulder is not as flat and smooth as aséuméd, for example

if there are samne sﬁall pebbles on the terrain directly in front of the

‘b.ould_er_, then it is obvious that the bobtom edge scheme Just outlined |

will very Likely give a false indication, This procedure must there-

fore be considered unfeasible,



Range Valu°s Used in Bottom Edge Deuermlnatlon

RANGE VALUES LSED FOA BOTTUH EVGE ALGCRITHM

2ETA AIN = 3.0 QEGREES
BETA IMNCAEMZINT = L1%5 UEGHRELS e e e _—

CBETA = BETA MIN # ([—LJ®HETA inC@fMCL[‘

RUOIIBETA] < TAUS RanoE FRUM LASEX TGO ThHE GROUND, WITHOUT THE BOULCER PRESENT.

THETA = Q.0 DEGREES (OIRECTLY IN FRONT CF ”AnS ROVER)

———————

AS A FUNCTICN CF BETA INLY (=3. Q/SIN{BETAY} _
RS2 lBETAY+. 156 = Triz RANGE »1TAOUT Trs ECULDZIR, PLUS 3%{STANDARD CEVIATICN CF NQISE)

CRWUS(BETA) =415 = TruyE RANGE Al THOUT TH: BCULUCR, MINUS ¥ (STANDARD CQeVIATION CF NOESET

RAB{DETA, TRETA) = XANGE FRCM LASEk, WITHN TrE BGULCER PRESENT,
_AS A FUNCTIUN OF _BET2 _AND THﬁTA

T T 5ETa 0T RaCBISEIAY T T RWOLUSETASL LS T RAOBIUETAI=IIS T RUS(BETALTFEFAT
1 3.09 57.2% 57.40 : 57.10 57.2C
2 3.15 : 54,63 34477 . S4.47 54.64
T3 TV 3,30 TTTT 52013 T T 53,27 . 51.97 . 52.19
4 3.45 49,483 . 50.02 . _ 49,72 : 45.87 : -
5 3.4640 47.75 L 47.9Q  47.60 AT . i .
T e 3.715  a5.85 7 45,02 T T T es.r2 T © 45.85 '
7 3.4 44,13 44,27 . 43.97 ) . 29.75
3 4,95 42.50 . 42.8% . %2.35 29.65
T e Talzs 7T 4c.94 41.09 _ 40.79 29.5%
19 4.35 35,50 39.65 : : 39.35 O 29.4%
11 4,50 33.25 38.40 . 38.10 _ 29.30
T2 4,65 T 37.u6 37.21 : 35.91 - T 29.36 .
13 4,30 | 35.38 36.02 45.72 . ) 29.35
i4 LH.55 L 34,73 e 34,93 ________“_‘_________34.50_‘____‘_______'__ 26.26
s TS5.te 0T 35,075 33,90 33,60 29.27
16 5.¢5 32.75 32.92 : 32.64 ‘ 29.24
L7 5.40 o 3l.e8 32,42 —_— 3T 29.13
18 7 5,55 T 3l.oe T T T Ay 2 T T ag.9t “29.14
19 5,70 35.25 . 30.40 30.12 , 29417
20 5.85 _ 29.4% " 29.59 o 29.29 : , 25.0%
21 T e.Co 23.06% 2n.84 28.5¢4 28.83
22 a.15 23.03 S 23,18 '27.88 28.90 :
23 5.3) L &Te3s o 27.52 . 27.22 2T.37 Y -
724 T L8] 25.69 26.84 - , 26.54 26.75
25 6.50 26.13 26.27 A 25.97 26.21

e e i s
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The Interpolated -Bottom Edge for a Boulder at 30 m



differeﬁt method., The use of gradient comparisons seems like the next
logical step, and this is the direction that will be taken in future

: research-efforts.



6. SﬁﬁNNIﬁG‘SCHEME CONS IDERATIONS

To this point the scanning.angle limipé have been chosen with
thé a priofi knowledge of the boulﬁer's size and location, so that, for
a fixed number of” elevation and aximuth dngles to be scanned (1 €., for
. a flxed nwﬂber of elements in the range 1mage), the angle dlfferences
between the range points were as small as possible, in_order to maximize
- the information received about the boulder and its immediate surroundings.
The geometry delining thé angle 1imits for this variable scanhing pro;_
cedure is'illustrated'in Figuré ié. ‘Based on this drawing, the follow-

ing equations can be derived,

Jg + 9 - r - 

Brgn = IO o 49 (53)
Pase = P [Bj?] - I
s 1 [r .
Onax > 50 [E] (55) 
0. =-8 a : ' o - _“‘ (5€)

min max
As expectéd, theée equations exhibit functional dependenéeiqn b and r.
- A compilation of these angle limits for a nuﬁber of different -
'size ana location boulders was then generatéd, and the results ére
L

listed in Table 2. The column headed "Extreme Theta" refers to the

magnitude of eilher 8 X since they are the same} the sign of

or ©

max
these limits is as defined in equations (55) and (56}, The additional
columns headed "Max Range" and "Min Range” give a measure of the limits

on the range measurements necessary to detect these various mid-range



| TABIE 2
Range and Angle Limits Caleulated for Variable Scanning

DISTANCE RAULIJS MAX AMSE "MIN RAUGT - MIN BT TA MAX RETA EXTREME TEHETA

_10.0 0.25 11.35 15.20 135,33 17.10 1.43
10.9 0.50  l2.44 9.96 13.95 17.53 - - 2.37
19.C . 0.75 13.77 ?.72 12.53 C1T7.27 - . . 4.3D

_ lo.¢ 1.00 S 15.44 ! .. 9.4%9 . 11.20 18.43 . 5.74
10.0 1.25 ° 17.33 . 9.25- 3. 82 18.9? : 7.13
10.0 . 1.50 204 44N 9.01 8. bb 19,44 : 5.53
12.C 1.75 2L.bb B.78 . 7.05°  19.38 : 10.23
10.¢ . 2.00 38,44 8.564 - 5.86 20.56 11.54

1 20.0 0.2% 22.04 15.98 S 7.82 Roebt 0.72
- 20.G ©0.50 24,22 1 19.73° 7.11 8,75 ‘ 1.43
20.0 0.75% 26489 ~19.48 b.41 " B.85 o 2415
. 20.G 1.00 30.22 19.24 5.70 - 8.37 ‘ 2.87
. 20.C _. 1.25 _ 34.51 18.99 . 4.39 - 9.09 ~ 3.54
20.C 1.50 40.22 18.74 - 4,29 S 9.21 C 4430
20.C . 1.75 . 48,22 © o 18.49 3.57 - 9.33 5.02
20,0 - 2.00 . e60.22 15.25 2.86 .45 5.7%
30.0 - g.25 - 32.28 29.90 . 5.24 5.76 - D.%3
30.¢C  0.50 36,15 29.65 44T 5.81 . J.95
30.0 . 0.75 40.15 29.40 4,29 5.86 - l1.43
30.¢C 1.00 43,15 29.15 3.81 . 5.91 , 1.31
30.0 1.29 51.58 28.91 3,33 5.9% 2439
30.0 L.50 60.15 28.66 . . 2.856 6.01 2.87
310.0 1.75 - 72..5 S 28.41 2.33 - 6.06 - 3.34
30-C 2.00 - 90.15 28.16 1.91 6.12 3.82
0.0 0.25 .  43.75 29,386 . - 3.93 - 4.32 0.3%
0.0 0.50 63.11 33.61 3.57 4034 0 D.12
40.0 0.75 53.45 39.36 3.22 .37 1.27
40.C 1.00 60.11 33,12 - 2.86 4,40 C 143
40.C 1.25 . 68.513 - 38,87 ©2.50 . A : 1.73
40.C- 1.50 - 80.11 38,62 2.15 Lottt 2.15
0.0 1.75. . 36.11 3F.37 1. 79 4.48 2.51

40.0 2.00 seksx  38.12  1.43 . 4,51 o 2.87



2.

obstacles, The appropriate formulae are, from equation (12),

Max Range = E"{I-i"—g—":'" . | . o (5?)‘
) min : S
. i _ . 3 : : ' . 7 8
Min Ronge = b , , _ (58)
max ‘

Iﬁ practice these angle limits should be expanded smnewhéf, so that a
number of range measurements to the terrain surrounding the boulder can.’
also be made (after all, the edge detection algorithms ﬁust.compare
rangemvalues on the terrain to those on the boulder iﬁ order to enhance
‘the edge). The actual limits nsed inAthe simulation program for the
 four different test cases (as pictured iﬁ Figures 8, 10, 12, and 1k)
. are gi#en in Table 3, | -

| In }eality, the information about the size.énd location of
bbuiders to be detected will obvibusly not. he_available. waevef, it
may bé'posséblé to épecify the limils on the location of obstacles in "
the mid-range field thal we expect the laser rangefinder Lo be gble to
detect, and pick thé limits on the angles to scaﬁ this entire field,
While tﬁis type of scanning scheme‘will be subppthnal with respéctnto.
-the‘edge detection algoriﬁhms, it nonctheless respresents a [irst attempt
: .ét a physically realizable procedure.
o To simulate the situation where the angle limits are fixed 50
as to-include ény 1 meter radius boulder between 10 and L0 meters from
_ the vehicle, the geomefry of Figure 20 was defined. From this picture
it is obvious that all smaller bowlders, and some larger boulders, be-
tween these lhﬁits will also be scanned, so that this type of scanning.

scheme is rather versatilte. The scanning angle limits can now be de-



L

TABLE 3

Angle Limits Implemented for Vafiable'Scanning

.DIS-TJ’\NCE = RADIUS MAX .'BE}TA | MIN BETA- EXTREME 'I;HET_'A
10 1.0 19.,6° " 10.0° 7.0
20 . 1.0 . 9.8° 5.0° - 4.0°
30 1.0 . . 6.°% 0 3.0° 3.0°

40 1.0 4.8% 2.4° 2.0



e 40m

e

FIGURE 20

Geometry for Fixed Scanning



termined from equations (53) through (56) by substituting in the apPTO-

priaté vdluﬁs of b and r, i.e.

min
max
-8

max

e .
min

"

(b

(b -

(b

=%, r = 1) = 2.86°

= 10, r = 1) = 18.43°

=10, r=1) = 5.7 S
=10, r = 1) = - emax(b =10, r = 1)

(59)
(60)
(61)

(62)

The four test boulders (located at 10 m, 20 m, 30 m, wnd 40 m) were then

- scanned by this method in simulations, and the edge detection algorithms

applied, to arrive at the outlines shovm in Figures 21 through 2l

{which should be campared to the outcomes of the variable scanning

_scheme illustraﬁed in Figures 10, 12, 8, and 1k respectiﬁeiy). for

bouldefs beyond the 20 m range-the'fixed scan techniqué is quite un-

acceptable for the edge deteetion_scheme, as the resulﬁing boulder

- cutlines ar;:tpg incamplete to prﬁvide nseful information for path

 'selection (except possibly as a go-no golindicatioﬁ of whether or not
there is some type of obstacle in the vehicle‘s:path of travel at the

longer ranges).

vestigation.

Once again, this problem will reguire further in-
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7.  STMULATION RESULTS FOR CRATERS
Since the.Rover Qill evidently encounter négative type cbstacles

‘(those exﬁending below the terrain surface} as well as the positive type
obstacies previously discussed, the edge detegfion scheme was lLested én
a‘representative obstacle from this segond major clasé. A hemispherical
cratgr.of 1 meter radiué, locéted 30 metexrs from the Rover directly. in
Sits pa#h of trayel, was‘placed on the terrain, and the ggometfy necessary
to obtain tﬁe range values_was developed in-a maner similar to that for
the boulder. As before, the stepé in the edpe detection schéme weré then
'éarried out.l Figure'ES illustrates the resulting range images, hoth
naiseless and noisy. In Figures 26 and aTrare the four alpha matrices
‘necessary fo#‘selection ofrthreshold values. Figure 28 shows the re-
sults of applying-both the Four Directional Ratio algorithm (with n = 2)
and the Normalized Laplacign alporithm to the noisy range image. Finally,
in Figure 29, we see the outlines of the crater after the £hrésholdihg
operation-has been carried out for theAprevious matrices. o

| The striking ;eature of these'picturqsfis fh;£,only the near
edge of the crater is detected; the far edge is missed, just as tﬁe
boltom edge of the bowlder was miséed, and for the same reéson. There-~
: fqre, if the bottom edge problem of the boulder can helSOlved, then the
far edge'problem éflthe crater willlalso be solved, so that the edge

detection scheme will indeed be useful for both types of obstacles.
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SUMMARY AND CONCLUSIONS

-The rescarch detailed in this paper was directed toward the
&evelopment of a practical oﬁstacle detectioﬁ sy§fem for th§ Mars Rover.,
. A simple scheme was desired, which would operate on the raw data 6b;
tained from the laser rangefindér'mountéd on the Rover iﬁ order to en-
hance the outline of ah-oﬁstaclelin the vehicle's path. By this'means
the size and location of the‘obstacie‘can:be determined, and this in-.
formation used to make path selecfidn decisions. Such a'schemé was
'. devised and ;fmulatéd for a ndhﬁer-of typicdl obstacles, and the re-
sults indicate that it has a high practical potentia;; Yet, as with
any initial venture of this kind, as questions are aﬂswered'evenrmore
questions ére raised. Problems such as bottom edge detectiénlénd
scanning scheme determination femain to be éolved. Thus, %his project
should be seen as the first encouraging steps toward realizabion of

i . .
the final operating system.
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